Microbacterium diaminobutyricum sp. nov., isolated from Halimione portulacoides, which contains diaminobutyric acid in its cell wall, and emended description of the genus Microbacterium
Three actinobacterial strains were isolated from roots of the salt-marsh plant Halimione portulacoides collected in Ria de Aveiro, Portugal. Molecular typing using enterobacterial repetitive intergenic consensus ERIC-PCR fingerprinting showed the strains to be highly similar. Phylogenetic analyses based on the 16S rRNA gene sequence and multilocus sequence analysis (MLSA) using gyrB, rpoB, recA and ppk and 16S rRNA genes sequences showed that the strains represented a member of the genus Microbacterium, with Microbacterium lacus DSM 18910
T as the closest phylogenetic relative. DNA-DNA hybridization between strain RZ63 T and its closest relative was below 70 %, supporting the hypothesis that it represented a distinct genomic species. Chemotaxonomic analyses of the novel strains and their DNA G+C contents confirmed their affiliation to the genus Microbacterium, however, the peptidoglycan of RZ63 T contained diaminobutyric acid as the diagnostic diamino acid. In addition, physiological and fatty acid analyses revealed differences between these strains and their phylogenetic relatives, reinforcing their status as a distinct species. Based on the physiological, genetic and chemotaxonomic characterisation it is proposed that the strains studied represent a novel species of the genus Microbacterium for which the name Microbacterium diaminobutyricum sp. nov. is proposed (type strain RZ63 T =DSM 27101
The genus Microbacterium includes a very large number of species (over 90) that have been isolated from a wide diversity of environments including plant-associated habitats. For example, Microbacterium foliorum and Microbacterium phyllosphaerae were isolated from the phyllosphere of grasses (Behrendt et al., 2001) . Madhaiyan et al. (2010) described Microbacterium azadirachtae, a plantgrowth-promoting bacterium, from the rhizoplane of Azadirachta indica seedlings. Karojet et al. (2012) described Microbacterium yannicii isolated from roots of Arabidopsis thaliana. In addition, endophytic strains of members of the genus Microbacterium have been isolated from different plants, such as sweet corn (Zea mays), cotton (Gossypium hirsutum) (McInroy & Kloepper, 1995) , marigolds (Tagetes erecta and T. patula) (Sturz & Kimpinski, 2004) , switchgrass (Panicum virgatum) (Gagne-Bourgue et al., 2013) and wild legumes (Zakhia et al., 2006) .
The halophyte Halimione portulacoides (sea purslane) is a common and abundant species in salt marshes. This plant is known to sequestrate and tolerate high concentrations of toxic metals found in salt marsh sediments, namely mercury (Hg), and has been proposed as a bioindicator and biomonitor for Hg-contamination (V alega et al., 2008) . Furthermore, this halophyte appears to be suitable for phytoremediation of Hg-contaminated salt marshes (Anjum et al., 2011) .
It is recognised that endophytic bacteria establish complex, intimate and dynamic interactions with their plant hosts, having effects on fundamental aspects such as plant growth and health as well as promotion of stress resistance (Berg et al., 2014) . A study of the culturable endophytic bacteria of H. portulacoides in the salt marsh Ria de Aveiro (Portugal) unveiled a phylogenetically and functionally diverse microbiota (Fidalgo et al., 2016) . Among the 79 bacterial genera identified, Microbacterium arose as one of the most abundant and diverse especially in Hg-contaminated sites. Thus, the endosphere of H. portulacoides appears to represent a hotspot of diversity for the genus Microbacterium. This is corroborated by the recent description of three novel endophytic Microbacterium species (M. endophyticum, M. halimionae and M. proteolyticum) from H. portulacoides (Alves et al., 2014 (Alves et al., , 2015 .
The aim of this study was to carry out a detailed taxonomic characterisation of three novel isolates of endophytic Microbacterium isolates obtained from roots of the halophyte saltmarsh plant H. portulacoides collected in the estuary Ria de Aveiro, Portugal, in the area of Largo do Laranjo, Murtosa (40 43¢48.0 †N 8 36¢45.5 †W). Plant roots sterilization and bacterial isolation was performed as described previously (Fidalgo et al., 2016) . Roots were washed with phosphate buffered saline (PBS; 140 mM NaCl, 2.5 mM KCl, 10 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 ) for 10 min, 96 % ethanol for 1 min, 5 % sodium hypochlorite for 30 min, 96 % ethanol for 1 min, and finally sterile distilled water for 3 min (repeated three times). In order to confirm sterility of root surface, aliquots (0.1 ml) of the final wash in sterile water were plated on tryptic soy agar (TSA) and incubated at 28 C for 72 h. Plant roots were macerated in PBS and tenfold dilutions of the extracts were made on the same buffer. Aliquots of the dilutions (0.1 ml) were plated on TSA. After incubation at 28 C for 72 h, the obtained colonies were transferred to new TSA plates for purification. Strains RZ63 T , RZ102 and RZ104 were routinely cultured on TSA at 28 C and preserved at À80 C on tryptic soy broth (TSB; Merck) supplemented with 20 % (v/v) glycerol.
Genomic DNA was extracted using the Genomic DNA Purification Kit (Thermo Scientific) according to the manufacturer's instructions. Genetic relatedness of the isolates was evaluated by enterobacterial repetitive intergenic consensus ERIC-PCR fingerprinting using primers ERIC1 and ERIC2 (Alves et al., 2007) . Cluster analysis of ERIC fingerprints was carried out with the software GelCompar II (Applied Maths).
The 16S rRNA gene was amplified using the universal primers 27F and 1492R (Lane, 1991) . PCR products were purified with the DNA Clean & Concentrator 5 (Zymo Research) and sequenced at GATC Biotech (Cologne, Germany). The identification of phylogenetic neighbors was done by searching against the EzTaxon database (http://www.ezbiocloud.net/eztaxon; Kim et al., 2012) . The 16S rRNA gene pairwise sequence similarities were determined using the program PHYDIT v3.1 (Chun, 2001) .
A multilocus sequence analysis (MLSA) was performed using the scheme proposed by Richert et al. (2007) . Thus, in addition to the 16S rRNA gene, the housekeeping genes coding for DNA gyrase subunit B (gyrB), RNA-polymerase subunit B (rpoB), recombinase A (recA) and polyphosphate kinase (ppk) were amplified and sequenced. A BLAST search of the primers used by Richert et al. (2007) T (accession AUGQ01000021) available in GenBank. For each gene, sequences were aligned using CLUSTALX v2.1 (Larkin et al., 2007) and primers designed for regions showing high similarity. Primer features such as melting temperature (T m ), DNA G+C content (%), self-annealing, GC clamp and hairpin formation were checked using the programs available at the Sequence Manipulation Suite site (http://www.bioinformatics. org/sms2/pcr_primer_stats.html). PCR conditions for amplification of each gene are listed in Table 1 .
Nearly full-length 16S rRNA gene sequences and concatenated sequences of gyrB, rpoB, recA and ppk and 16S rRNA genes were aligned with sequences from type strains of Microbacterium species retrieved from the GenBank database using CLUSTALX v2.1 (Larkin et al., 2007) . Phylogenetic analyses were performed with MEGA v6.0 (Tamura et al., 2013) using the neighbour-joining (NJ) (Saitou & Nei, 1987) and maximum likelihood (ML) (Felsenstein, 1981) algorithms. Evolutionary distances were calculated using the Kimura-2-parameter model. Clavibacter michiganensis DSM 46364
T was used as the outgroup taxon. A bootstrap analysis (Hillis & Bull, 1993 ) based on 1000 replicates was done to evaluate the robustness of the trees topologies.
ERIC-PCR fingerprinting showed that strains RZ63
T , RZ102 and RZ104 had highly similar ERIC fingerprints (Fig. 1) . Nearly full-length 16S rRNA gene sequences (1436 bp) were obtained for all strains. 16S rRNA gene pairwise sequence comparisons showed that sequences from strains RZ63 T , RZ102 and RZ104 shared 100 % similarity.
A search against the EzTaxon database confirmed that all strains belonged to the genus Microbacterium. RZ63
T and relatives showed the highest 16S rRNA gene sequence similarity to the type strain of M. lacus (98.9 %). Phylogenetic analyses of 16S rRNA gene sequences from all known species of the genus showed that these strains formed a distinct sub-clade (in both NJ and ML trees) with very high bootstrap support (99-100 %) within a larger clade containing several species of the genus Microbacterium (Fig. S1 , available in the online Supplementary Material).
Using the primers developed, we amplified and sequenced the genes gyrB, rpoB, recA and ppk of RZ63 T , RZ102 and RZ104, as well as of the type strains of M. endophyticum T and its relatives formed a clearly distinct clade with very high bootstrap support (100 %) (Fig. 2) . Moreover, this MLSA analysis confirmed that M. lacus DSM 18910
T was the closest phylogenetic relative of the strains studied.
For morphological and physiological characterisation, strains were cultured on TSA medium at 28 C for 72 h. Growth at different temperatures (10, 15, 20, 25, 30, 37, 44 C), NaCl concentrations (0.5, 1, 2, 4, 6, 8 %, w/v) and pH values (4.5, 5, 5.5, 6, 6.5, 8, 8.5, 9, 10, 11, 12) was tested using TSA as the basal medium. In the case of pH tests, the medium was adjusted using appropriate buffer solutions (McIlvaine, 1921; Bates & Bower, 1956 ). Oxidase and catalase activities were tested as described previously (Trujillo et al., 2006) . Gram reaction was determined using a Gram Staining kit (Merck) according to the manufacturer's instructions. Physiological characteristics of the strains were determined using API 20NE, API ZYM and API 50CH test (Kageyama et al., 2007) were chosen as reference strains for comparative phenotypic studies.
The three endophytic strains produced circular, smooth and yellow-pigmented colonies on TSA medium. Cells were Gram-stain-positive, aerobic and short rods. RZ63
T and related strains were oxidase-positive and catalase activity was variable (strain RZ102 was catalase-negative). None of the strains studied reduced nitrate to nitrite and all were negative for indole production. All strains (RZ63 T and related strains) were able to grow in the presence of NaCl Growth at: Temperature range ( C) 10-37 10-37 10-37 10-37 15-30 pH range 6.5-11 6.5-11 6.5-11 6.5-11 6.0-11 NaCl range (w/v, %) 0.5-8 0.5-8 0.5-8 0.5-8 0.5-2 Oxidase Bacterial biomass for chemotaxonomic analyses was prepared by cultivating the strains in TSB at 28 C for 72 h on a rotary shaker until reaching stationary phase. Cells were harvested by centrifugation and washed with 0.9 % (w/v) NaCl. The analyses of peptidoglycan structure were performed using TLC, 2D TLC, gas chromatography and GC/ MS as described by Schumann (2011) . Menaquinones were extracted from freeze-dried cells using the two-stage method described by Tindall (1990a, b) , separated by TLC on silica gels and further analysed by HPLC. For fatty acid methyl ester analysis, all strains were grown on TSA at 28 C for 3 days or until good growth was obtained on the third quadrant (Sasser, 1990) . Fatty acids were extracted, methylated and analysed according to the standard protocol of the Sherlock Microbial Identification System (MIDI) and peaks were named using the database SACTIN6. Polar lipid and whole-cell hydrolysate sugar analyses were carried out following the procedures of Minnikin et al. (1984) and Staneck & Roberts (1974) using freeze-dried biomass.
Chemotaxonomic analyses showed that peptidoglycan of strain RZ63
T contained the amino acids alanine, glycine, homoserine (Hse), 2,4-diaminobutyric acid (DAB), glutamic acid and muramic acid (Mur) with molar ratios of 0.8 : 1.0 : 1.0 : 0.8 : 1.6 : 0.5. Partial hydrolysate of strain RZ63
T contained the peptide Gly-Glu. These data suggest that the peptidoglycan of RZ63 T belongs to type B2b with glycolyl residues (Schumann, 2011) . In comparison to M. lacus DSM 18910
T that has ornithine (Orn) as the diagnostic diaminoacid, RZ63
T has DAB as the diagnostic diamino acid. While several other members of the family Microbacteriaceae (e.g. members of the genera Agromyces, Agrococcus, Clavibacter, Cryobacterium, Leucobacter and Plantibacter) contain DAB as the diagnostic diamino acid (Evtushenko & Takeuchi, 2006) , the strains of members of the genus Microbacterium described so far have either lysine (Lys) or Orn as the diagnostic diaminoacid (Table 3) . This is quite a distinguishing feature of RZ63
T . Peptidoglycan analysis was repeated and the results were confirmed. Whole-cell sugar analyses revealed the presence of ribose, galactose, glucose and mannose.
Regarding menaquinones, RZ63
T contained MK-10 (2 %), MK-11 (29 %), MK-12 (61 %) and MK-13 (6 %) and this composition is in accordance with that reported for members of the genus Microbacterium. The major fatty acids (>10 %) of RZ63
T were anteiso-C 15 : 0 (69.1 %) and iso-C 15 : 0 (19.3 %) (Table 4 ). Quantitative differences of iso-C 15 : 0 and anteiso-C 17 : 0 were found between RZ63
T and the remaining strains compared. Nevertheless, the tests were run again and the results were confirmed.
With respect to the polar lipid profile of the novel strain (Fig. S2 ) the following lipids were detected: diphosphatidylglycerol, phosphatidylglycerol, one unidentified glycolipid, two unidentified phospholipids, four unidentified aminolipids and one unidentified lipid. These results are in agreement with the polar lipid profile reported for other species of the genus Microbacterium.
The DNA base composition of RZ63 T was determined by HPLC (Mesbah et al., 1989) . DNA was isolated by the modified procedure described by Gevers et al. (2001) and hybridizations were carried out at 53 C in the presence of 50 % formamide using the modified microplate method (Ezaki et al., 1989; Goris et al., 1998; Cleenwerck et al., 2002) . RZ63
T was hybridized against the species with the highest 16S rRNA gene similarity, namely M. lacus DSM 18910
T .
The DNA G+C content of RZ63 T was 68.9 mol%. The value is within the range of 61-75 % reported for species of the genus Microbacterium (Suzuki & Hamada, 2012; Alves et al., 2014) . DNA-DNA hybridization was used to clarify the relatedness of the strains and their closest relatives. DNA-DNA relatedness between RZ63
T and M. lacus DSM 18910 T was 14±1 %. Therefore, RZ63 T represents a novel genomic species (Wayne et al., 1987) .
On the basis of the phenotypic, chemotaxonomic and genotypic results described RZ63
T (and related strains) are 
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clearly distinct from their closest phylogenetic relative M. lacus DSM 18910 T and represent a novel species in the genus Microbacterium, for which the name Microbacterium diaminobutyricum sp. nov. is proposed.
Emended description of the genus Microbacterium Orla-Jensen 1919 Takeuchi and Hatano 1998
The emended description of the genus is based on that given by Takeuchi & Hatano (1998) with the following modification: the peptidoglycan contains either lysine, ornithine or diaminobutyric acid as the diagnostic diamino acid.
Description of Microbacterium diaminobutyricum sp. nov.
Microbacterium diaminobutyricum (di.a.mi.no.bu.ty¢ri.cum. N.L. n. acidum diaminobutyricum, containing 2,4-diaminobutyric acid in the peptidoglycan; N.L. neut. adj. diaminobutyricum, pertaining to diaminobutyric acid).
Cells are Gram-stain-positive, aerobic short rods. Colonies on TSA are circular, smooth and yellowish after 3 days incubation at 28 C. The growth temperature range is 10-37 C, with an optimum at 28 C. Growth occurs at pH 6.5-11 with an optimum at pH 7.0, and in the presence of 0. Major fatty acids* ai-C15 i-C15 . The G+C content of the genomic DNA of the type strain is 68.9 mol%.
